Intermittent fasting may be an effective intervention to protect against age-related metabolic disturbances, although it is still controversial. Here, we investigated the effect of intermittent fasting on the deterioration of the metabolism and cognitive functions in rats with estrogen deficiency and its mechanism was also explored. Ovariectomized rats were infused with b-amyloid (25-35; Alzheimer's disease) or b-amyloid (35-25, Non
Introduction
Estrogen plays a crucial role in protecting against the development of metabolic diseases, although women have higher body fat contents than men. 1 Estrogen is mainly involved in the accumulation of subcutaneous rather than in visceral fat deposits. After menopause total fat
Impact statement
Intermittent fasting was evaluated for its effects on cognitive function and metabolic disturbances in a rat model of menopause and Alzheimer's disease. Intermittent fasting decreased skin temperature and fat mass, and improved glucose tolerance with decreasing food intake. Intermittent fasting also prevented memory loss: shortterm and special memory loss. Therefore, intermittent fasting may prevent some of the metabolic pathologies associated with menopause and protect against agerelated memory decline.
accumulation increases, and moreover, it is redistributed to the visceral fat deposits in the abdomen. Subcutaneous fat deposits have beneficial metabolic activities by secreting adipokines, especially, leptin and adiponectin, that improve energy, glucose, and lipid metabolism and are less pro-inflammatory. 1 By contrast, visceral fat has a negative effect on metabolism, it exacerbates insulin resistance and is pro-inflammatory. 1 Estrogen deficiency itself acts as a trigger for visceral obesity in the abdomen but its etiology remains unclear. One possible mechanism is the disturbance in the estrogen signaling in the hypothalamuspituitary-adrenal (HPA) axis 2 and in the brain, especially hypothalamus, to regulate energy and glucose metabolism by increasing brain insulin resistance. 3 Not only estrogen deficiency per se but also increased abdominal fat is involved in the development of metabolic diseases including Alzheimer's diseases (AD). 4, 5 Estrogen deficiency increases body weight by increasing food intake in some studies and has been shown to decrease energy expenditure especially from fat in other human and animal studies. 6, 7 Estrogen replacement therapy suppresses the increase of body weight and adiposity. 8 However, hormonal replacement therapy often utilizes estrogen plus progesterone to prevent uterus cell proliferation and the progesterone treatment antagonizes the reduction of food intake by estrogen replacement therapy. 9 Thus, hormonal replacement therapy is not an appropriate treatment for preventing obesity after menopause, although the decrease of abdominal fat storage can alleviate the metabolic diseases. Furthermore, hormone replacement therapy has adverse effects and it is not recommended for treating menopausal symptoms.
Estrogen deficiency increases inflammatory cytokines such as tumor-necrosis factor (TNF)-a, IL-1b, and macrophage inflammatory protein-1 by changing the immune response and it decreases the markers mediated by the estrogen receptors. 4 In addition, estrogen deficiency indirectly exacerbates inflammation by increasing abdominal fat which is associated with a low-grade inflammatory state. 10 Increased inflammation influences the development and progression of metabolic diseases including dementia. Neuroinflammation and brain insulin resistance are major etiologic factors for AD. Recent studies have shown that obesity and a high-fat diet induce b-amyloid accumulation in the hippocampus by exacerbating brain insulin resistance. Estrogen deficiency directly and/or indirectly increases brain insulin resistance and neuroinflammation. As a result, the prevalence of AD increases after menopause women. 4, 11 Especially, women with bilateral oophorectomy at a young age have a higher risk for dementia 12 but oophorectomy does not alter the risk in women after menopause. 13 Thus, it is important to lower central fat storage and inflammation to prevent and/or delay the onset of AD.
AD lowers the quality of life for both the patients themselves and their families. Due to the increase in life expectancy, women will live the second half of their lives with estrogen deficiency.
11 Doctors have recommended the reduction of abdominal fat contents as an intervention to prevent metabolic diseases including AD especially after menopause. Abdominal fat loss under well-controlled conditions may be an effective preventive measure for AD with no adverse effects. Caloric restriction has been reported to have beneficial effects on the reduction of body fat, inflammation, and cognitive function. 14, 15 Furthermore, the caloric restriction method is also an important factor to consider since compliance with weight loss interventions is generally poor. Recently, intermittent fasting (IMF) rather has been shown to have better compliance and equivalent effects compared to continuous energy restriction according to objective measurements of weight, waist and hip circumference, fat mass, and drop-out rates. 15 However, IMF reduces body fat without decreasing energy intake but it exacerbates hepatic insulin resistance in young rats. 16 The positive effects of IMF are still controversial. 17 Therefore, we hypothesized that IMF would modulate cognitive functions in estrogen-deficient animals with or without AD fed a high-fat diet. We tested the hypothesis in Sprague-Dawley ovariectomized (OVX) rats with b-amyloid (25) (26) (27) (28) (29) (30) (31) (32) (33) (34) (35) or b-amyloid infused into the hippocampus and its mechanism was explored.
Materials and methods

Animals and experimental design
Sprague-Dawley female rats aged 10 weeks (235 AE 17 g) were purchased from DBL (Yeumsung-Kun, Korea) and had a one-week acclimation period in individual stainless steel cages in a controlled environment (23 C and with a 12-h light and dark cycles). All experimental procedures were approved by Hoseo University Animal Care and Use Review Committee (2014-07) and followed NIH Guidelines. Experimental animals consumed water ad libitum (AL) and were assigned to their respective diets for the eight-week experimental period. The high-fat diet was made with a modified semi-purified AIN-93 formulation 18 that consisted of 38 energy percent (En%) carbohydrates, 16 En% protein, and 46 En% fats. The major sources of carbohydrate, protein, and fat were starch plus sugar, casein, and lard plus soybean oil (10:1; CJ Co, Seoul).
Eleven-week-old female Sprague-Dawley rats had ovariectomy. After anesthesia by subcutaneously injecting the mixture of ketamine and xylazine (100 and 10 mg/kg body weight), each ovary was separated by ligating the proximal part of each oviduct and each ovary was removed with scissors. The OVX rats had a high-fat diet and they were randomly divided into two groups according to feeding methods: the rats in one group had AL and the rats in the other group had IMF. After two-week feeding diets according to the assigned feeding methods, the rats of one group had ICV infusion with b-amyloid (25) (26) (27) (28) (29) (30) (31) (32) (33) (34) (35) and the other group had intracerebroventricular (ICV) infusion with b-amyloid in IMF and AL groups. A stainless steel cannula was implanted into the CA1 subregion of the anesthetized rats in a stereotaxic device with the following coordinates: lateral, À3.3 mm from the bregma; posterior, 2.0 mm from the midline; ventral, À2.5 mm from dura. 19 The b-amyloid (25) (26) (27) (28) (29) (30) (31) (32) (33) (34) (35) and b-amyloid were dissolved in sterile saline and each solution was filled in a separate osmotic pump (Alzet Osmotic Pump Company, Cupertino, CA, USA) having the rate of 3.6 nmol/day for 14 days. The stainless steel cannula was connected into an osmotic pump filled with b-amyloid (25-35) for AD and for Non-AD. The b-amyloid was generated with the reverse sequence of b-amyloid (25) (26) (27) (28) (29) (30) (31) (32) (33) (34) (35) and was used as a normal-control since it does not form neurofibrillary tangles or amyloid plaques in the brain. The diets were provided for four weeks after ICV infusion of b-amyloid infusion. As a result, this study included four groups:
We selected a time-restricted type IMF each day since people mainly choose one meal a day for IMF. However, it is difficult to decide the equivalent time for one meal a day for animals since they do not eat at defined meal times. However, previous and preliminary studies 16 indicated the restriction to 3-h period for animals would be equivalent to one meal a day for humans. In the intermittent groups, rats had a high-fat diet for 3 h at the beginning of the dark cycle (7-10 PM) which corresponds to the morning for humans, and then food was removed until 7 PM the following day. Overnight-fasted serum glucose levels, food intake, and body weight were measured every Tuesday at 10 AM. After four weeks of providing the assigned diets, an oral glucose tolerance test (OGTT) was conducted in overnight feed-deprived rats by oral administration of 2 g/kg body weight of glucose. Serum glucose levels were measured every 10 min until 90 min and again at 120 min using a Glucometer (Accuchek, Roche Diagnostics, Indianapolis, IN) and serum insulin levels were measured at 0, 20, 40, 60, 90, and 120 min by RIA kit (Linco Research, Billerica, MA). 6 Insulin resistance was assessed using the homeostasis model assessment estimate of insulin resistance (HOMA-IR) which was calculated as previously described. 6 At the end of the study, rats had an injection of insulin (5 U/kg body weight) into the inferior vena cava after anesthetization. Peri-uterine and retroperitoneal fat pads and uterine were weighed after removal. Blood was collected by cardiac puncture and serum was separated by centrifugation after allowing the blood to coagulate. Serum and tissues were stored at À70 C for biochemical analysis.
Memory impairment measured by passive avoidance and water maze tests
At the third week after b-amyloid infusion, the rats were assessed for short-term memory using a passive avoidance apparatus, a two-compartment dark/light shuttle box, as previously described. 20 The short-term memory was measured by the retention latency time to enter the dark chamber at the second trial when electric foot shock was not delivered and the latency time was recorded to a maximum of 600 s. Shorter latency time indicates memory impairment, compared to significantly longer latencies in passive avoidance test.
The acquisition of spatial memory was evaluated with a Morris water maze test, as previously described, 20 at two days after passive avoidance test. The water maze test was the latency time to go to zone 5 where the platform was placed, and the period to stay zone 5 to find the platform during the third trial. The shorter latency time and longer staying time indicate better long-term memory and long-term spatial memory which is associated with hippocampal-dependent learning.
Bone mineral density measurement
After calibrating a dual-energy X-ray Absorptiometer (DEXA; Norland pDEXA Sabre; Norland Medical Systems Inc., Fort Atkinson, WI, USA) with a phantom, bone mineral density (BMD), fat mass, and lean body mass (LBM) were measured in an anesthetized rat as previously described. 21 Before ovariectomy and after six weeks of treatment, each rat was laid in a prone position and the hip, knee, and ankle articulations in 90 flexion and scanned the body in DEXA equipment. BMD in the right femur, knee, and fat, and lean mass in the abdomen, hip, and leg were calculated by the appropriate software equipped in the DEXA.
Locomotive activity
At three days after the water maze test, locomotive activity was determined using an AM1053 Activity Monitor (Linton Instruments, UK) to measure locomotive activity by breaking a three-dimensional array of infrared beams in a cage. The rat was adapted to the cage for 30 min and activity was measured for 1 h during the dark phase of the light/dark cycle. Total locomotive activity was calculated by the sum of rearing, mobility, and activity measurements.
Gene expression in the hippocampus
The hippocampus from five rats from each group was collected at 28 days after MIA injection. Total RNA was individually extracted from each cartilage with Trizol reagent (Life Technologies, Rockville, MD, USA) according to manufacturer's instructions. The cDNA was synthesized from 1 mg total RNA extracted from each rat using a superscript III reverse transcriptase kit (Life Science Technology). Specific genes associated with inflammation and degradation of the hippocampus were amplified by mixing the cDNA of each hippocampus, primer for the specific genes and SYBR Green mix (Bio-Rad, Richmond, CA) in duplicate using a real-time PCR instrument (Bio-Rad), as previously described. The primers of TNF-a, interleukin (IL)-1b, and IL-6 genes were used. 6, 21 Their gene expression was quantitated using the comparative cycle of threshold (CT) method (DDCT method) as previously described. 22 
Histopathological analysis of hippocampus
At the end of the experimental period rats were perfused with saline and 4% paraformaldehyde solution (pH 7.2). The brains were removed from five rats from each group and postfixed with 4% paraformaldehyde solution overnight at room temperature. 20 The fixed brain was stored in 30% sucrose solution to be cryoprotected at 4 C. Frozen tissues were serially sectioned on a cryostat (Leica, Wetzlar, Germany) into 30 mm coronal sections. b-amyloid deposition in the hippocampus was detected with antibeta-amyloid antibody (Cell Signaling Technology, Danvers, MA, USA) using immunohistochemistry using b-amyloid antibody as previously described. 19 The b-amyloid accumulation was presented as the % b-amyloid-positive cells in the hippocampus area.
Immunoblot analysis
The hippocampi from four rats of each group were collected as previously described. 20 The hippocampi were lysed with the RIPA buffer containing protease inhibitors, and their protein contents were determined using the Bio-Rad protein assay kit (Hercules, CA, USA). The lysates containing equivalent amounts of protein (30-50 mg) were loaded into sodium dodecyl sulfate-polyacrylamide gel electrophoresis and transferred into the membrane. The samples in the membrane were reacted with respective antibodies using immunoblotting methods and the antibodies used in this study were following: protein kinase B (PKB or Akt), phosphorylated PKB Ser473 , glycogen synthase kinase (GSK)-3b, phosphorylated GSK-3b 
Statistical analysis
Statistical analysis was conducted with SAS software version 7 (SAS Institute, Cary, NC) and all the results are expressed as a means AE standard deviation. The variables with results from different time points were analyzed with two-way repeated measures ANOVA including with time, group, and interaction terms between time and group. One-cway ANOVA was performed to assess the metabolic effects of IMF and b-amyloid infusion into the hippocampus in OVX rats at a single time point. Multiple comparisons between the groups were identified by Tukey's test at P<0.05.
Results
b-amyloid deposition and insulin signaling in the hippocampus
The immunoreactivity of b-amyloid was detected mainly in the hippocampi of AD rats: the rats in the AD-IMF groups exhibited less b-amyloid deposition than those in the AD-AL (P < 0.05) (Figure 1(a) ). Its deposition was not altered by IMF in Non-AD rats that had minimal b-amyloid deposits.
The infusion of b-amyloid into the hippocampus attenuated CREB phosphorylation and IMF protected against its attenuation (Figure 1(b) ). In addition, the b-amyloid infusion decreased the phosphorylation of Akt and GSK3b in the hippocampus, indicating attenuated hippocampal insulin signaling, whereas IMF prevented it.
The phosphorylation of tau increased with b-amyloid infusion and IMF reduced the increase (Figure 1(b) ). These results suggested that b-amyloid infusion activated its deposition by attenuating CREB phosphorylation and hippocampal insulin signaling and IMF protected against b-amyloid deposition by potentiating CERB phosphorylation and insulin signaling.
Cognitive function
AD increased the time to enter the dark room in the third passive avoidance test in comparison to the Non-AD, and IMF partially prevented the increase in the time compared to AL after entering into the dark room in first and second trials with short electric shock (Figure 2(a) ). These results indicated that AD decreased short-term memory to remember the electric shock and IMF prevented the decrease in AD rats. ............................................................................................................................................................ AD rats showed a delayed latency time to locate the zone 5 where the platform was located in the 4th trial and IMF prevented the delay to find the platform (Figure 2(b) ). In addition, the duration to stay in the zone 5 was longer in Non-AD groups than AD groups, and IMF made the duration longer in zone 5. The duration to stay in the zone 5 was longer in AD-IMF group than AD-AL group (Figure 2(b) ). These results suggested that b-amyloid infusion decreased the spatial memory and IMF partially prevented the decrease.
Estrogen-deficiency symptoms
Serum 17b-estradiol levels and uterine mass were not affected by b-amyloid (25-35) infusion and IMF, which was much lower than the rats with ovaries from the previous studies (about 6.0 pg/mL for serum estradiol levels and 0.58 g for uterine weight; Table 1 ). Rats infused with b-amyloid (25) (26) (27) (28) (29) (30) (31) (32) (33) (34) (35) in the AD groups increased tail skin temperature, an index of hot flushes, in comparison to the Non-AD groups but IMF prevented its increase (Table 1) . Therefore, AD exacerbated tail skin temperature and IMF improved it and the changes were not associated with estrogen production. The serum TNF-a levels tended to be higher with AD but it was not significantly different. However, IMF lowered the levels regardless of AD development (Table 1) .
Energy metabolism
After six-week treatment, body weight gain had been modulated by b-amyloid infusion and IMF. Body weight gain was higher in the ascending order of Non-AD-IMF, Non-AD-AL ¼ AD-IMF, and AD-AL (Table 2 ). Visceral fat mass measured by retroperitoneal fat and peri-uterine fat were decreased by IMF regardless of cognitive dysfunction: visceral fat mass was lower in the AD-IMF and Non-AD-IMF groups than the other groups ( Table 2) . This difference was calculated from the balance of the food intake and energy expenditure. Daily food intake was lower during IMF regardless of AD. Daily energy expenditure tended to be higher in the AD groups but it was not significantly different. Non-AD-AL group exhibited lower energy expenditure than the AD-IMF group (P ¼ 0.058). As fuel, carbohydrate oxidation was higher in the ascending order of Non-AD-IMF, Non-AD-AL, AD-IMF, and AD-AL and in contrast fat oxidation was lower in Non-AD-IMF, Non-AD-AL, AD-IMF, and AD-AL. These results inferred that AD increased the use of carbohydrate more than fat as a fuel and that IMF lowered the use of carbohydrate.
Body composition
BMD in the spine and femur was lower in all groups at six weeks after ovariectomy. IMF decreased BMD in the spine and femur, whereas AD tended to lower BMD but it was not significantly different (Figure 3(a) ). The decrease in spine BMD was lower in Non-AD-AL than AD-IMF. Femur BMD decreased more in the AD-IMF and Non-AD-IMF than in the AD-AL and Non-AD-AL (Figure 3  (a) ). All rats decreased LBM in the back during the experimental periods, whereas the decrease was lowered with IMF especially in Non-AD rats (Figure 3(b) ). IMF increased LBM more than AL regardless of AD (Figure 3(b) ). Fat mass in the abdomen was much higher with AD and AL than Non-AD and IMF but fat mass in the left legs did not exhibit the significant differences by AD and IMF (Figure 3(c) ). 
Lipid metabolism and liver damage index
Serum total cholesterol levels were higher in the AD-AL group than the Non-AD-IMF. Serum HDL cholesterol levels were lowered by IMF, whereas AD tended to decrease the levels, but not significantly (Table 3) .
Serum low-density lipoprotein (LDL) cholesterol levels were higher in the AD groups than the Non-AD groups regardless of feeding methods. Thus, AD and IMF deteriorated cholesterol metabolism and AD increased serum triglyceride levels but IMF decreased the levels. Serum triglyceride levels were lowered in the descending order of AD-AL, Non-AD-AL, AD-IMF, and Non-AD-IMF. Rats with AD exhibited somewhat induced dyslipidemia but IMF partly worsened cholesterol metabolism, although IMF lowered serum triglyceride levels. Serum aspartate transaminase (AST) and alanine transaminase (ALT) levels, indexes of liver damage, were not significantly changed by AD but they were greatly lowered by IMF.
Glucose metabolism
AD increased overnight-fasting serum glucose and insulin levels and IMF also increased both levels. Serum glucose and insulin levels were lower in the descending order of Non-AD-AL, AD-AL, Non-AD-IMF, and AD-IMF. HOMA-IR, an index of insulin resistance, was increased by AD and IMF (Table 3) . Serum b-hydroxybutyrate levels were not significantly different among the groups. Serum glucose levels were increased by AD but decreased by IMF at 30-50 and 120 min during OGTT (effect of time, P<0.05), although the levels at 0 min were higher in the rats in the IMF groups (Figure 4(a) ). Area under the curve (AUC) of serum glucose levels was lower in the descending order of AD-AL, AD-IMF, Non-AD-AL, and Non-AD-IMF in the first and second parts of OGTT (Figure 4(b) ). Serum insulin levels increased after glucose challenge until 40 min and then the levels decreased from 40 min in all rats. Serum insulin levels were much higher in the IMF groups than the AL groups and AD increased the levels in comparison to the Non-AD (effect of time, P<0.05, Figure 4(c) ). Thus, rats with AD-IMF had much higher serum insulin levels during OGTT in comparison to the Non-AD-AL.
After subcutaneous insulin injection, serum glucose levels were measured until 45-60 min in all rats with 6-h deprivation of foods (effect of time, P<0.05) (Figure 5(a) ). Rats with IMF lowered serum glucose levels quickly until 15 min and the levels were not changed after 30 min of Table 2 . Energy metabolism at the end of experimental periods.
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insulin injection in comparison to the rats with AL groups (Figure 5(a) ). Rats with AD did not decrease serum glucose levels as fast as the rats with Non-AD until 45 min and the rats with AL had a rebounce of serum glucose levels after 60 min more than the rats with IMF ( Figure 5(a) and (b) ). The results suggested that AD exacerbated insulin resistance and IMF maintained serum glucose levels at a lower level than Non-AD group after 6-h food deprivation. Table 3 . Lipid profiles and glucose and insulin levels in the circulation of overnight-fasted rats. 
AD-AL (n
Discussion
After menopause, women often experience impaired energy, glucose and lipid metabolism, and cognitive function. 21 IMF is an effective intervention to protect against age-related metabolic disturbance, 23, 24 although it is still controversial. However, the effects of IMF on estrogendeficiency symptoms have not been studied. Here, we investigated the effect of IMF on the deterioration of metabolism and cognitive functions in rats with estrogendeficiency; and memory loss and its mechanism was also explored. Interestingly, estrogen deficiency promoted b-amyloid (25) (26) (27) (28) (29) (30) (31) (32) (33) (34) (35) deposition in the hippocampus that exacerbated the menopausal symptoms such as increasing tail skin temperature, BMD loss, visceral fat accumulation, glucose intolerance, insulin resistance, and dyslipidemia in the present study. However, IMF partly protected against menopausal symptoms and cognitive dysfunction and decreased both b-amyloid deposition and also serum cortisol levels. These results suggest that menopausal symptoms are linked to brain dysfunction by not only b-amyloid deposition but also hypothalamus-pituitary gland-adrenal gland axis.
The infusion of b-amyloid proteins including 1-42, 1-45 and 25-35 fractions into the brain initiates AD-like pathologies and induces memory loss. 19, 25 Estrogen is known to protect against the memory loss by preventing b-amyloid deposits, which may be due to it stimulating the degradation of b-amyloid and down-regulating neuroinflammation and amyloidogenesis. 26 Mitochondria estrogen receptor-b deficiency in the brain is reported to contribute to the mitochondrial dysfunction that may be associated with AD pathogenesis. 27 In the present study, b-amyloid infusion into the hippocampus of OVX rats caused memory loss which was associated with attenuated insulin signaling, called brain insulin resistance, and increasing inflammation, but IMF protected against memory impairment due to b-amyloid infusion. The decrease in hippocampal insulin signaling is associated with increased tau phosphorylation which accelerates the deposition of b-amyloid. 20, 28 Obesity also increases not only brain insulin resistance but also inflammation, oxidative stress, and mitochondrial dysfunction. 28 Calorie restriction is reported to improve cognitive function in genetically modified mice with tau and b-amyloid deposition. [29] [30] [31] IMF is one calorie restriction method. In the present study, IMF reduced food intake and fat mass and it protected against memory impairment by decreasing b-amyloid deposition and potentiating hippocampal insulin resistance and decreasing neruroinflammation. Thus, IMF can be an appropriate intervention for improving memory function in estrogen-deficient women.
Estrogen deficiency is well known to cause impairments of the autonomous nervous system, energy, glucose, lipid and bone metabolism, and memory function. 32 In addition, the dysfunction of estrogen receptor signaling contributes to dysregulation of innate immune signaling pathways. 33 Menopause increases the incidence of metabolic and cardiovascular diseases, neurodegeneration, inflammation related diseases such as osteoarthritis and osteoporosis. 34 Especially, osteoporosis is a major disease associated with estrogen deficiency. Estrogen deficiency accelerates cognitive dysfunction by increasing b-amyloid deposition in the brain through attenuating estrogen receptor-b signaling 35 and by decreasing serotonin synthesis. Previous studies have reported that the rate of BMD loss and osteoporosis is much greater in patients with AD and the loss of BMD develops before clinical symptoms of cognitive dysfunction appear. 36, 37 The relationship between BMD and cognitive function may be associated with the hyperphosphorylation of microtubule-associated protein tau in the brain, which increases the deposition of b-amyloids which, in turn, results in cognitive dysfunction. In addition, serotonergic dysfunction is also linked to cognitive dysfunction and BMD loss. 38 Therefore, menopausal women are more vulnerable to AD and osteoporosis, which worsens the quality of mid-life. The present study demonstrated that in OVX estrogen-deficient rats, infusions with b-amyloid (25-35) increased b-amyloid deposition which exacerbated elevated tail skin temperature, memory loss in the hippocampus, and decreased BMD in comparison with the OVX rats with b-amyloid . These results suggested that b-amyloid accumulation exacerbated the effects of estrogen deficiency and worsened menopausal symptoms.
Estrogen plays an important role in regulating body temperature. 6 Although the etiology of vasomotor symptoms including hot flashes, sweats, and chills remains unclear, the decline of serum estrogen levels is known to induce hot flushes. The possible mechanism is narrowing the thermoneutral zone by estrogen deficiency. Neurotransmitters including serotonin and norepinephrine are also involved in these processes: estrogen deficiency increases norepinephrine levels and serotonin receptors in the hypothalamus. 39, 40 The increased serotonin receptors result in lower circulating serotonin levels in the brain, which narrows the thermoneutral zone. 39 The known risk factors for hot flashes are obesity, nicotine, and negative moods. Interestingly, b-amyloid deposition exacerbates skin tail temperature; however, in the present study IMF prevented the increase in skin tail temperature in both AD and Non-AD rats along with decreased serum cortisol levels. This suggested that b-amyloid deposition and IMF might be involved in body fat mass and neurotransmitters in the brain. Muralidharan et al. 41 have demonstrated that ICV b-amyloid (25-35) infusion decreased memory function and reduced serotonin and dopamine levels in the brain. Gotthardt et al. 42 have shown that IMF increases brain hypothalamic norepinephrine and lowers body fat mass. These results might explain that the exacerbation of skin tail temperature, representing hot flushes, might be associated with the changes in neurotransmitters in the brain and visceral fat mass. Therefore, hot flushes might be useful as an early indicator for development of AD and IMF might be an effective way to manage hot flushes in perimenopausal women.
Many studies have demonstrated that both estrogen deficiency and AD impair energy, glucose and lipid metabolisms. 6, 21 The present study revealed that AD exacerbates the impairments of energy, glucose and lipid metabolism, and that IMF partly protects against the exacerbation without changing serum 17b-estradiol levels and uterine weight. Food intake was slightly lower in the AD groups than the Non-AD groups but it was not significantly different. IMF lowered food intakes more than AL in both AD and Non-AD groups, whereas serum ghrelin levels were higher in IMF groups than AL groups regardless of AD. However, in a previous study, IMF exhibited an insignificant effect on daily energy intake in young male rats with increasing serum ghrelin levels, although it did lower the cumulative energy intake during the experimental period. 16 This difference in food intake was associated with daily energy needs since young male rats were allowed to consume as much food as they wanted during the limited time when food was available. However, the female rats in this study could not consume food as much as they wanted during the limited periods. Regardless of the differences in energy intake the effects on energy metabolism were similar between the two studies. The increase in serum ghrelin levels in IMF might have beneficial effects on cognitive function in the present study since the increase of serum ghrelin especially acetyl ghrelin levels have been demonstrated to improve memory function in rats infused with b-amyloid in previous studies. 43 Thus, IMF improved energy metabolism and memory function directly by reduction of body weight and visceral fat, and indirectly by modulating serum hormone levels such as cortisol and ghrelin in AD and Non-AD OVX rats.
In addition to energy metabolism, lipid profiles especially LDL cholesterol and triglyceride levels were impaired by AD. IMF decreased serum triglyceride, a benefit which was at least partially offset by decreased HDL cholesterol concentrations with no changes in LDL-cholesterol in this study. IMF also increased insulin resistance at the fasting state. Hennebelle et al. 44 showed that energy restriction does not prevent insulin resistance and elevated serum triglycerides. However, in the present study, IMF lowered serum triglyceride levels, although it did exacerbate insulin resistance. Overall, the results suggest that despite the substantial benefits, people need to be aware of potential negative side effects of IMF on cholesterol metabolism and glucose regulation.
Conclusion
AD impaired cognitive function and energy, glucose, lipid, and bone metabolisms in estrogen-deficient rats. IMF protected against both the deterioration of cognitive function and impairment of energy metabolism and dyslipidemia. IMF improved memory function by potentiating hippocampal insulin signaling which in turn inhibited deposition of amyloid-b in AD OVX rats. Most of the metabolism related results were positive for IMF in OVX rats regardless of AD induction. However, serum glucose and insulin concentrations and HOMA-IR were elevated during fasting states in the IMF estrogen-deficient animals regardless of AD induction. On the contrary, serum glucose levels after oral glucose challenge were reduced by elevating serum insulin levels in the IMF groups in comparison to the AL groups in AD and Non-AD OVX rats. Therefore, IMF may not be appropriate in menopausal women with disturbances of glucose metabolism, although more research is needed to fully clarify the effects of IMF on glucose tolerance especially in glucose-intolerant and diabetic women and low BMD women.
